Polycrystalline BiFeO3 and Bi0.9Nd0.1Fe1-xScxO3 (x = 0, 0.05 and 0.10) multiferroic compounds were prepared using conventional solid-state route. X-ray diffraction studies and Raman measurements indicated that the compounds were crystallized in rhombohedral structure with R3c space group. Weak ferromagnetism was induced due to the suppression of canted spin structure in the substituted compounds. Both remnant magnetization (Mr) and coercive field (Hc) were enhanced in Nd and Sc substituted compounds. Further, Néel temperature TN was decreased from 644 K for BiFeO3 to 550 K for Bi0.9Nd0.1Fe0.9Sc0.1O3 compound due to weakening of magnetic exchange interactions between B-site cations in the 2 substituted compounds. Enhanced and nearly well saturated electrical polarizations were observed in Sc substituted compounds which is attributed to the strengthening of covalent hybridization between Bi and O ions and reduction in oxygen vacancies. The remnant polarization was enhanced to 12.5 µC/cm 2 in Bi0.9Nd0.1Fe0.9Sc0.1O3 compound. Impedance studies reveal that insulating character of substituted compounds is enhanced and electrical relaxations are of non-Debye type.
Introduction
Multiferroics are the materials which simultaneously exhibit ferroelectric and (anti) ferromagnetic orders in the same phase. These materials have attracted considerable research attention because of interesting physics involved and technological applications such as spintronics, data storage devices, sensors, etc. 1, 2 In multiferroics, electric polarization can be switched with the application of magnetic field and vice versa due to the existence of coupling between the ferroic orders. Among all the perovskite type single phase multiferroics, BiFeO3
(BFO) is fascinating and well-studied due to its excellent ferroelectric properties at room temperature. Bulk BFO crystallizes in rhombohedral crystal structure with R3c space group.
BFO shows G-type antiferromagnetic ordering below TN = 643 K and ferroelectricity below TC = 1103 K. 3 Ferroelectricity is resulted due to the hybridization of stereochemically active Bi 6s 2 lone pair electrons with the empty 6p 0 orbital of Bi 3+ ion and 2p 6 orbital of O 2-ions.
Theoretical calculations envisaged that the displacements of cations lead to the large spontaneous polarization. 4 Due to active lone pair electrons, Bi ions show relatively larger displacements compared to Fe ions. On the other hand, spin moments of Fe 3+ ions are arranged in G-type antiferromagnetic order superimposed with a long range space modulated spiral spin structure (SMSS) of incommensurate wave length of 620 Å. The presence of long range SMSS inhibits the observation of linear magnetoelectric effect. And also the combination of superexchange interaction between the half-filled orbital of Fe 3+ ions and spin-orbit coupling leads to antisymmetric Dzyaloshinskii-Moriya (DM) exchange interactions which in turn produce a weak ferromagnetic moment (~0.02 B are mainly responsible for ferroelectric and magnetic properties respectively, it is a scientific approach to tune the multiferroic properties by simultaneous substitution of elements at the both sites. Recently, enhanced magnetization, reduced leakage current and improved dielectric properties were observed in Y and Zr, 7 La and Ti, 14 Ho and Ni, 15 Gd and Ti, 16 and Ca and Ti 17 co-substituted BFO compounds.
In this paper, Nd and Sc have been chosen to substitute at A-site and B-site respectively. 
Experimental details
Polycrystalline BiFeO3 (BFO), Bi0.9Nd0.1FeO3 (BNFO) and Bi0.9Nd0.1Fe1-xScxO3 (BNFSO) [x = 0.05 (BNFSO5) and 0.10 (BNFSO10)] compounds were synthesized by conventional solidstate route. The detailed experimental procedure could be found elsewhere. 19 Phase analysis of the compounds was confirmed by using X-ray diffractometer (Panalytical X'pert Pro) with Cu-Kα radiation (λ = 1.5406 Å) over the angular range 20°≤ 2θ ≤ 90°. Microstructural characterization and energy dispersive X-ray analysis (EDX) were carried out using field emission scanning electron microscope (FE-SEM, Carl Zeiss, Supra 40). Raman scattering measurements were performed on sintered and polished pellets using a laser micro Raman spectrometer (Bruker, Senterra) with an excitation laser source of 785 nm wave length. The magnetic properties were measured using PPMS with VSM assembly (Dynacool, Quantum Design, USA). Room temperature polarization (P) -electric field (E) loop measurements were carried out using aixACCT TF 2000 analyzer. The Impedance measurements were performed using Wayne Kerr 6500B impedance analyzer.
Results and discussion
The X-ray diffraction (XRD) patterns of BFO, BNFO and BNFSO compounds are shown in Fig. 1 . A trace amount of impurity phases such as Bi25FeO40 and Bi2Fe4O9 are observed along with rhombohedral phase (which are designated as  and  respectively). These phases are always formed along with the bulk BFO phase. 20 Rietveld refinement 21 is carried out to analyse the crystal structure of the compounds. Fig. 1b) . It is worth to mention here from the above discussion that Nd and Sc substitutions replace Bi Table. I.
FE-SEM micrographs of BFO, BNFO and BNFSO compounds are shown in Fig. 2 .
The average grain sizes of BFO, BNFO, BNFSO5 and BNFSO10 compounds are 9 µm, 2 µm, 1.75 µm and 1.5 µm respectively which are also reflected in terms of increase in FWHM of XRD peaks. BFO has average grain size of 9 µm with a few distinct pores due to presence of oxygen vacancies formed during the synthesis at high temperatures. Larger grains are resulted due to easy diffusion of mobile oxygen vacancies. It has been observed that average grain size of BFO decreases with the substitution of Nd which is further decreased with Sc substitution.
The reduction in oxygen vacancies in the substituted compounds could be expected as the substituted elements Nd and Sc are more stable in 3+ states and have stronger bond enthalpies. The decrease in grain size could be due to lower grain growth rate which may be presumably due to the reduction in oxygen vacancies. 22 Elemental analysis studies using EDX
(not shown here) are carried out and observed the atomic percentage ratio Bi (/Nd):Fe (/Sc):O is nearly close to 1:1:3 in all compounds which confirms the stoichiometry in our compounds. The normalized Raman spectra of BFO, BNFO and BNFSO compounds are shown in Fig. 3 Fig. 3 ). This could be due to the decline in stereochemical activity of 6s 2 lone pair electrons of Bi which in turn affects the ferroelectric ordering. 26 The intensity of above mentioned modes increases with Sc-substitution in BNFO compounds which suggests an enhancement in the ferroelectric ordering. Also Nd substitution causes Asite disorder and hence weakens the intensity and broadens the modes (i.e., increases the FWHM of the modes as shown in the inset of Fig. 3 ). The broadening is more pronounced with the Sc substitution. The life times of phonons in real crystals are reduced due to the scatterings from defects, disorder, strain etc. As the FWHM is inversely proportional to life times, decrease in life times of phonons leads to increase in FWHM. 19, 27 From the above discussion, it can be concluded that substitution of Nd and Sc replaces Bi and Fe respectively which is also well supported from XRD measurement. Such high coercive fields cannot be due to pinning of magnetic domain walls alone, because the typical coercive field for such pinning is less than 0.3 kÖe. 28 High coercive fields in the substituted compounds may be due to change in magnetic anisotropy. Also, it has been reported that in case of La and Nb co-substituted BFO 29 and Pr and Zr co-substituted BFO compounds 30 , increase in coercive field with the substitution is attributed to decrease in grain size which is also consistence with our findings. The non-saturating behaviour (up to applied field of 50 kÖe) with significant loop opening in substituted compounds suggests the possibility of competing antiferromagnetic and ferromagnetic interactions. It is interesting to note that the magnetization at 50 kÖe is enhanced in BNFO compound compared to that of BFO. However, substantial change in magnetization has not been observed with Sc-substitution which could be due to its diamagnetic nature.
Zero field cooled (ZFC) and field cooled (FC) magnetization measurements are carried out under a magnetic field of 1000 Öe for BFO, BNFO and BNFSO compounds as shown in Fig. 5 . A small anomaly has been observed near 270 K in BFO compound, indicating spin glass-like transition similar to Singh et al, 31 which disappears in Nd and Sc co-substituted compounds. These anomalies may originate from domain wall pinning effects which are caused by random distribution of oxygen vacancies. 31 The magnetization decreases with the temperature from 300 K to 100 K suggesting the antiferromagnetic nature of the compounds up to 100 K. An abrupt increase in magnetization has been observed, especially, in the low temperature below 25 K which reveals the development of incommensurate magnetic structure in all compounds. 32 The large jump in magnetization in BNFO compound compared to that of BFO could be due to the contribution from magnetic sublattice of Nd-along with Fe sublattice.
Also, the thermomagnetic irreversibility between ZFC and FC curves at 170 K increases in the BNFO compound which further increases with the Sc content. This indicates an enhancement in weak ferromagnetism in the substituted compounds which is also confirmed from M-H discussion. The decrease in TN with Sc content can also be explained using the following equation 35 (1) where J is the magnetic exchange constant, S is the spin of Fe 3+ ; Z is the average number of linkages per Fe +3 ions and  is <Fe -O -Fe> bond angle. distortions and hence ferroelectric order. 37 In the case of BNFO compound, remanent polarization (Pr = 5.4µC/cm 2 ) is lower than that of BFO (Pr = 9 µC/cm 2 ). This can be expected as Nd substitution declines the strereochemical activity and hence the reduction in remanent polarization. 38 The corresponding feature is also observed in terms of suppression of the intensity of A1-2 (171 cm -1 ) and E (261 cm -1 ) modes in the normalized Raman spectra as these modes are corresponding to Bi-O modes. 26 The substitution of Sc in BNFO compound further decreases the Bi-O bond length due to the structural distortions. The insulating character of BFO, BNFO and BNFSO compounds can be studied using impedance spectroscopy (IS). IS spectroscopy is a non-destructive method 41 Electric modulus formalism can also be used to study the electrical response of the material. In case of impedance formalism, intensity of relaxation peaks is corresponding to the most resistive components in the compounds whereas in modulus formalism, intensity of relaxation peaks is inversely proportional to capacitance of the compounds.
TN = JZS(S+1) cosθ

The electric modulus (
where ω is the frequency of applied electric field and Co is the capacitance in vacuum.
Frequency variation of imaginary part of electric modulus (M″) plots of BFO, BNFO, BNFSO compounds at different temperatures are shown in Fig. 9 .
The value of electric modulus (M″) was calculated using the formula At low frequency region, M″ shows very small values due to the high value of capacitance and exhibits a peak in the high frequency region. These peaks are not observed in the frequency dependent dielectric data (not shown here), but are clearly seen in the modulus data. These peaks are generally characterized by significant broadening and shifting of peak position towards high frequency region with the rise of temperature. Broadening in the peak indicates the presence of distribution of relaxation times and hence the relaxation is of non-Debye type.
The shifting of peak position indicates the relaxation process is thermally activated. where ωo is the pre exponential factor and E is the activation energy. The activation energies are calculated from the slope of the plot (shown in Fig. 10 ) drawn between ln(ωmax) and 1000/T.
The obtained activation energies for BFO, BNFO, BNFSO5 and BNFSO10 compounds are 0.69±0.04, 0.75±0.04, 0.85±0.02, 0.85±0.05 eV respectively. The typical activation energy values associated for singly ionised oxygen vacancies are in the range 0.3 -0.5 eV whereas for doubly ionised oxygen vacancies, activation energies are in the range 0.6 -1.2 eV for a perovskite based oxide materials. 43 The observed activation energies indicate that doubly ionised oxygen vacancies are responsible for the relaxation process. Overall, impedance analysis confirms an improvement in insulating character in Sc-substituted compounds which is also consistent with the observation of near to saturation P-E loops as well as improved ferroelectric ordering.
Conclusions
Polycrystalline BiFeO3 and Bi0.9Nd0.1Fe1-xScxO3 (x = 0, 0.05 and 0.10) compounds were prepared using solid state reaction technique. Room temperature XRD and Raman studies revealed that compounds crystallized in rhombohedral structure with R3c space group. Induced weak ferromagnetism in the substituted compounds was mainly attributed to suppression of modulated spin structure. Reduced Néel temperature in BNFSO5 and BNSFO10 compounds could be due to weakening of magnetic exchange interactions due to the presence of larger diamagnetic Sc 3+ ions in place of Fe 3+ ions. Improved ferroelectric properties in the substituted compounds were attributed to the strengthening of covalent hybridization between Bi and O ions and reduction in oxygen vacancies. Improved insulating character in terms of improved grain and grain boundary resistances were observed in the substituted compounds due to structural distortions. Doubly ionised oxygen vacancies were responsible for the dielectric relaxation process. Reduced Néel temperature down towards room temperature and enhancement of magnetic and electrical properties demonstrate its potential use in device applications.
